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We probe electric-field noise in a surface ion trap for ion-surface distances d between 50 and
300 µm in the normal and planar directions. We find the noise distance dependence to scale as
d−2.6 in our trap and a frequency dependence which is consistent with 1/f noise. Simulations of
the electric-field noise specific to our trap geometry provide evidence that we are not limited by
technical noise sources. Our distance scaling data is consistent with a noise correlation length of
about 100 µm at the trap surface, and we discuss how patch potentials of this size would be modified
by the electrode geometry.
I. INTRODUCTION
Trapped atomic ions have emerged as a promising plat-
form for the physical realization of quantum computation
and simulation [1]. However, a prominent challenge for
the miniaturization of the traps necessary for scaling is
the presence of electric-field noise. This noise causes de-
coherence of the ion motional modes and limits the fi-
delity of multi-ion qubit interactions [2]. The electric
field noise originates from surfaces close to the trapped
ion and is typically orders of magnitude larger than the
Johnson noise expected from the thermal motion of the
electrons in a conductor of the same geometry [3]. While
identifying the microscopic sources of this excess electric-
field noise is an active topic of research, it has been found
to scale strongly with distance to the trap surface [3, 4].
The precise scaling with distance provides information on
the spatial extent of surface noise sources and is hence
relevant to understanding the underlying mechanisms be-
hind excess surface noise. This information may, in turn,
allow the community to engineer better ion traps or in-
spire reliable surface treatments. Beyond ion traps, sur-
face electric-field noise limits the performance of solid-
state quantum sensors, such as nitrogen-vacancy centers
in diamond [5], and hinders precision measurements, in-
cluding gravitational probes with charged particles [6, 7]
and Casimir-Polder force studies [8, 9]. Thus, a better
understanding of surface noise in ion traps may help ad-
vance research in these fields.
Electric-field noise is quantified by its spectral density
SE which we consider as a function of frequency ω and
ion-surface distance d. The dependence on both variables
is often described by a local power-law dependence, such
that SE(d) ∝ d−β(d) for the distance scaling. To date,
various possible sources of excess electric-field noise have
been proposed and studied theoretically, resulting in a
range of possible β values from 0− 8, depending on both
the noise source and the trap geometry [3].
A small number of experiments have directly measured
electric-field noise as a function of the ion-surface dis-
tance so far. The first two of these were performed in
∗ These authors contributed equally to this work.
traps with non-planar geometries, using needle-shaped
tungsten electrodes in one case [10] and a gold-plated
‘stylus trap’ design in the other [11]. These experiments
found electric-field noise scalings of β = 3.5 [10] and
β = 3.1 [12], respectively. More recently, two further
experiments employed planar surface traps for distance
scaling measurements of noise parallel to the trap surface.
The first study used a standard five-wire trap with gold
electrodes and non-standard radio-frequency (RF) volt-
ages and obtained a distance-scaling exponent of β = 3.8
[13]. The magnitude of electric-field noise in this exper-
iment was about an order of magnitude higher than the
best published results for untreated surface traps. The
second study found β = 4.0 for a multizone niobium sur-
face trap [14]. Here, the ion trap contained several trap-
ping zones spaced by on the order of 1 mm, where the
electrodes at each zone were scaled to trap ions at differ-
ent distances from the surface. The magnitude of electric-
field noise was comparable to very good untreated surface
traps.
Collectively, these previous measurements are consis-
tent with a noise mechanism of microscopic nature which
appears to be common to ion traps of different materials
and geometries.
In our experiment, we investigate the electric-field
noise as a function of ion-surface distance for a single
40Ca+ ion trapped in a unique surface Paul trap with a
simple planar geometry. Our room-temperature four-RF-
electrode trap enables tuning of the ion-surface distance
at a fixed planar position using DC voltages [15], and we
find that the magnitude of noise for this trap is compa-
rable to the best untreated traps. We measure electric-
field noise in both the normal and planar directions with
respect to the surface and extract a distance scaling ex-
ponent of β ≈ 2.6 for ion-surface distances in the range
of 50 − 300 µm, significantly departing from the previ-
ous measurements discussed above. We provide evidence
that the measured field noise is not limited by techni-
cal noise (defined to be noise whose origin is external
to the properties of the trap surface, for example, from
power supplies or electromagnetic pickup), discuss spa-
tial correlations of noise implied by our data, and place
the results in a larger context with respect to previous
measurements.
In section II we describe the experimental setup and
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FIG. 1. Isometric view of the trapping region of the four-
RF-electrode trap. Static voltages are applied to numerically
labeled DC electrodes, and RF electrodes are labeled RF1−4.
RF1,4 are driven out-of-phase relative to RF2,3. Technical
noise simulations are performed on colored electrodes #RF1,
#1, #9 (see Sec. IV). The orientation of the qubit addressing
laser beam (729 nm) and Doppler cooling beams (397 nm and
866 nm) are indicated by the arrows and their labels.
measurement methods. Section III contains the measure-
ment results for distance and frequency scalings. Section
IV provides a discussion around technical noise, and in
section V we discuss how spatial correlations of the field
noise on the trap surface may explain the observed dis-
tance dependency. We summarize and conclude in sec-
tion VI.
II. EXPERIMENTAL SETUP AND METHODS
A. Trap Design
Our four-RF-electrode trap is fabricated by laser-
etching fused silica (Translume, Ann Arbor, Michigan),
and double-layering the surface with titanium (15 nm),
aluminum (500 nm), and copper (30 nm) using electron-
beam physical vapor deposition. The trap is operated
with an out-of-phase RF drive such that the two diago-
nal pairs of RF electrodes (RF1,4 and RF2,3) are driven
with the same amplitude, but opposite phase. This gen-
erates a radio-frequency-null along the axis normal to the
trap surface [15]. Thus, the trapping potential in this di-
rection is fully controlled with DC electrodes (1 to 9),
allowing for continuous variation of the ion-surface dis-
tance without introducing excess micromotion. RF fields
provide confinement in the xy plane parallel to the trap.
In analogy to a typical linear surface trap, the motional
mode normal to the surface then corresponds to the axial
mode, while the planar modes correspond to the radial
modes.
In addition to tuning the ion-surface distance, the DC
fields are also used to generate quadrupole potentials
breaking the rotational symmetry of the RF potential
around the z axis and tilting principal axes of the har-
monically trapped ion (see Fig. 1 for coordinate system).
We adjust the DC voltages such that the principle axis of
the total potential have a tilt of 5◦ with respect both the
z and y-axes. This ensures that all three motional modes
have some projection onto the 397 nm Doppler cooling
beam propagating along xˆ. To provide additional cool-
ing for the near-normal mode, the repumping 866 nm
beam is sent in at a near-normal angle with respect to
the trap surface (z axis) and detuned red with respect to
resonance.
The beam at 729-nm wavelength addressing the long-
lived quadrupole qubit transition of 40Ca+ can be
switched between two orientations to measure the ion’s
response to electric-field noise in two directions. The
‘729 nm (normal)’ orientation in Fig. 1 is used for mea-
suring noise normal to the trap surface (along the zˆ-
direction), while the ‘729 nm (planar)’ orientation allows
noise measurements in the yˆ-direction of the trap plane.
The voltages applied to the DC electrodes (labeled 1-9
in Fig. 1) are low-pass filtered with a cut-off frequency
below 300 Hz before going into the vacuum chamber, and
filtered again inside the chamber with two grounding ca-
pacitors of 47 nF and 10 nF. The RF signal is filtered with
a 10 MHz high-pass before going to an inductively cou-
pled toroidal resonator connected to the trap electrodes
[15]. Importantly, we find that careful grounding of the
vacuum chamber, the RF voltage source, and the optical
table on which the vacuum chamber is mounted is essen-
tial for low-noise measurements. Without these ground
connections electric-field noise in the direction normal to
the trap surface typically increases by 1-3 orders of mag-
nitude, while noise in the planar direction increases by
less than a factor 10.
B. Measurement Methods
Fluctuating electric fields at the ion location induce
heating of the motional modes, which is quantified by
the heating rate ˙¯n [3]:
˙¯n =
e2
4m~ω
SE(ω, d) , (1)
where n¯ is the average motional mode occupation, e is
the ion charge,m is the ion mass, ~ is the reduced Planck
constant, and ω is the angular secular frequency. Thus,
the spectral density SE of the electric-field noise may be
inferred through measurement of the ion heating rate.
As the strength of electric-field noise changes by two
orders of magnitude over the ion-surface distance ex-
plored here, we employ two methods for measuring heat-
ing rates. When the ion is cooled close to the motional
ground state, that is n¯ ≤ 1 (possible if ˙¯n . 1000 s−1 for
our system), the amplitude of the phonon-subtracting
transition (red sideband) is significantly less than that
of phonon-adding one (blue sideband). Then, the mean
phonon number n¯ can reliably be found by comparing
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FIG. 2. Planar (blue) and normal (red) heating rates as a
function of ion-surface distance for a fixed secular frequency
of ωt = 2pi × 1 MHz. Data are taken with two measurement
methods: ( ) sideband method, ( ) Rabi method. ( ) show
data from the Rabi method scaled to match results from the
sideband method (see comparison in Sec. III). Power-law fits
for both motional modes take into account the data taken
with the sideband-asymmetry ( ) method and the scaled Rabi
method ( ).
the excitation amplitude of red and blue first-order mo-
tional sidebands [16]. When cooling into the ground state
is difficult ( ˙¯n & 1000 s−1), the sideband method is no
longer sensitive to n¯. In this regime, a better measure
of the heating rate is via the decay of carrier Rabi oscil-
lations [17], which can be fitted to extract the thermal
motional distribution parameterized by n¯ and thereby
the heating rate ˙¯n.
III. RESULTS
A. Distance Scaling
The scaling of electric-field noise with d is determined
from measurements of the heating rate at a fixed secu-
lar frequency of f = 2pi × 1.00 MHz. The two planar
motional modes are closely aligned with the x and y-
axes (see Sec. II) and we measure the heating rate of
the yˆ planar mode. Using DC-voltages, the xˆ planar
mode is set higher in frequency by typically 2pi× 50 kHz
than the yˆ mode frequency. When measuring the pla-
nar mode at 2pi × 1 MHz, the normal zˆ mode is set to
about 2pi×0.75 MHz, while for measurements of the nor-
mal mode at 2pi×1 MHz, the planar mode frequencies are
tuned to about 2pi×1.25 MHz. The range of ion-electrode
distances accessible with the trap is limited by the high
RF voltages needed when trapping close to and far away
from the surface [15]. We also find that for measure-
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FIG. 3. (b) Planar (blue) and normal (red) heating rates as a
function of secular frequency for a fixed ion-surface separation
of d = 170 µm. Power-law fits for both modes are shown as
dashed and dotted lines.
ments of the normal mode, care must be taken to reduce
back-reflections of the normal 729 nm beam from the trap
surface, which cause significant intensity fluctuations at
the ion position, leading to unreliable measurements es-
pecially for small distances from the trap surface.
The heating rates for the planar (blue symbols) and
normal (red symbols) mode are plotted in Fig. 2. We
distinguish between the two measurement methods men-
tioned earlier: filled squares ( ) correspond to measure-
ments taken with the sideband method. Below 80 µm
ion-surface distance, the carrier Rabi-oscillation method
is used instead, and the raw heating rate data are marked
with filled diamonds ( ).
To validate the compatibility of the two methods, we
compare both measurement techniques in the intermedi-
ate regime of ˙¯n ∼ 1000 s−1 and also for ˙¯n ∼ 100 s−1. We
find that the Rabi method gives heating rates that are
systematically about 17% higher than for the sideband-
asymmetry method. This difference is consistent with
findings from other experiments [14, 18] and may be
linked to the non-zero projection of other motional modes
on the measurement laser or laser intesnity noise. To
simplify comparison of the electric-field noise across the
full range of ion-surface distances, we scale the data from
the Rabi-oscillation method by a constant factor of 0.85.
The resulting adjusted values are marked in Fig. 2 as
open diamonds ( ).
Power-law fits to the filled squares ( ) and open di-
amonds ( ) are shown as dashed lines in Fig. 2. We
observe the scaling ˙¯n ∼ d−2.6 for both modes, with nor-
mal heating rates consistently about a factor two higher
than planar heating rates. While our data are described
fairly well by a power-law behaviour, there may be some
systematic deviations to the power-law behavior at low
4ion-electrode distances.
B. Frequency Scaling
In addition to the distance scaling, we measure the
scaling of noise with frequency, which is another key pa-
rameter to characterize the electric-field noise. In Fig. 3
we show the noise frequency dependence of both nor-
mal and planar modes at a fixed ion-surface distance of
170 µm, where all measurements are performed with the
sideband-asymmetry method. From a power-law fit of
the data and Eq. (1), we find that electric-field noise
spectral density, SE(2pi × f, d), scales as f−0.97(13) and
f−1.15(11) for the planar and normal modes, respectively.
This frequency dependence is consistent with 1/f -noise
that is ubiquitous in solid-state experiments [19] and a
number of ion trapping experiments [3]. We observe
again that the normal heating rates are about a fac-
tor of two higher than the planar heating rates. Ad-
ditionally, we measure the frequency scaling of the pla-
nar electric-field noise at 70 µm ion-surface distance and
find SE(2pi × f, d) ∝ f−1.2(3). The 1/f -like noise scaling
for different ion-surface distances and electric-field pro-
jections in our system suggests that our measurements
are not described by proposed models for noise from
adatom dipole fluctuations [20] or adatom diffusion [21],
or by broadband technical noise [3] since the expected
frequency scaling in these cases is not 1/f .
Having presented our measurement results, we note
that the distance scaling for this ion trap differs strongly
from the d−4 dependence that for planar trap geometries
is expected from microscopic noise sources and has been
observed in recent experiments [13, 14]. A scaling ex-
ponent of β ≈ 2 is commonly associated with technical
noise; however, this scaling only appears if the trap size
is scaled with the ion-surface distance. This is not the
case in our system. Thus, understanding how technical
noise manifests in this trap and determining to what de-
gree it affects our measurements are critical issues that
we address in the following.
IV. TECHNICAL NOISE CHECKS
Two types of electric-field noise sources can affect the
motional ion heating: surface noise and technical noise.
Surface noise encompasses the mechanisms originating
from the ion trap surface itself, that is, physical processes
generating noise at the trap surface. Technical noise is
defined as noise whose origin is external to the properties
of the trap surface, and thus can be mitigated by proper
filtering and shielding. Technical noise may be caused
by noise from voltages sources powering the ion trap or
electromagnetic radiation in the environment. This type
of noise manifests itself as correlated over each trap elec-
trode, and thus depends specifically on the trap electrode
geometry and the ion’s position relative to the electrodes.
As we are interested in the fundamental physical noise
sources that could limit the performance of trapped ion
qubits, it is important that our electric-field noise mea-
surements are dominated by surface noise. Therefore we
perform several checks to verify that our heating rates
are not limited by technical noise.
A. Electrode Noise Simulations
The assumption that technical noise is correlated over
the area of each trap electrode is valid in our sys-
tem because the average dimension of our electrodes is
100 µm while the measured noise is at a frequency of
f = 2pi×1 MHz, corresponding to a wavelength of about
300 m. The spectral density of technical electric-field
noise is SE ∝
∑
iE
2
i , where Ei is the electric-field due to
electrode i at the ion location.
For each trap electrode, we simulate SE,i as a function
of the ion-surface distance under the assumption that
technical noise dominates at the ion position. Ei is an-
alytically approximated by a method which assumes an
infinite ground plane surrounding electrode i [22]. From
the geometry of our trap (cf. Fig. 1), we see that only
electrodes 1, 2, 7, 8, 9, and RF1−4 generate electric fields
with projection onto both the y and z axes, which cor-
respond to the directions of the measured ion motional
modes. Also, from the symmetry of our trap, we ex-
pect electrodes 1, 2, 7, and 8 to generate similarly po-
larized electric-field noise in the yz plane, as is the case
for all four RF electrodes. So, we will discuss here the
distance scaling for the relevant cases of electrodes 1, 9,
and RF1. Fig. 4(a)-(c) visualizes the simulated electric-
field noise in planar and normal directions for 3-µV noise
amplitude on each electrode. Comparing the simulations
with the overlaid scaled data, we find none of the three
cases match the data. Similarities are only partial and
do not apply simultaneously to both projections of noise.
In general, for correlated noise from trap electrodes, the
normal-planar polarization is not constant as a function
of the ion-electrode distances, in contrast to our data.
Thus, we conclude that no single electrode can gener-
ate noise consistent with our measured electric-field noise
data.
Beyond noise from individual electrodes, one could
imagine technical noise contributions with various am-
plitudes from all electrodes to play a role, conspiring to
give rise to the particular distance dependence we mea-
sure. To check the possibility of such a scenario we fit the
measurements with a linear combination of contributions
from all electrodes, assuming noise from each electrode
is uncorrelated with the others. Even for this contrived
scenario, see fit in Fig. 5, we do not find any agreement
with our data.
Given the strong disagreement between the simulated
noise from electrodes and our experimental results, we
conclude that our measurements are not limited by tech-
nical noise correlated across trap electrodes. These ar-
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FIG. 4. Simulated SE distance scaling from 3-µV amplitude noise on electrodes 1 (a), 9 (b), and RF1 (c). The planar
contributions are shown as blue dashed curves and the normal contributions are shown as dotted red curves. Scaled data
measurements are overlaid for reference.
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FIG. 5. Simultaneous fit of the measured distance depen-
dence for planar and normal motional modes assuming mo-
tional heating is caused by technical noise from all electrodes.
The voltages on different electrodes are assumed to fluctuate
independently from each other such that the fit is parameter-
ized by the amplitudes of noise on each electrode.
guments also hold for Johnson noise originating from
the voltage supply and filter electronics, since we expect
Johnson noise of this type to be correlated over the area
of an electrode as well.
V. SPATIAL SURFACE NOISE CORRELATIONS
In light of the strong evidence for uncorrelated micro-
scopic noise sources in ion traps given by the observed
d−4 scaling [13, 14, 23], it is surprising that our results
(∼ d−2.6) deviate so clearly from this scaling. We have
shown in the last section that measurements in our trap
are very likely not limited by technical noise, leading us to
conclude that we must be observing surface noise. There
are immediate questions as to how such a scaling can
arise, what the noise sources are, and why this trap be-
haves differently compared to others. In the following we
concentrate on the first of these questions.
A general model for surface noise with finite corre-
lations considers metallic surfaces to be covered with
patches of varying potential [4]. Physically, patches may
arise from work function differences across crystal grains,
locally varying strain, surface roughness, or adsorption of
atoms and more complex compounds on the surface [24].
Fluctuations in the patch potentials (amplitude or size)
lead to electric-field noise then. In the ‘patch-potential’
picture, the behavior of electric-field noise is quantified
by a spatial length scale, ζ, over which the surface fluc-
tuations are correlated. While the model exists indepen-
dently of the physical origins of the patches, a certain
correlation length may indicate make the explanation by
some noise sources more likely than by others.
In the limit of spatial correlations that are very small
compared to the ion-surface distance, ζ ≪ d, the electric-
field noise from different locations on the surface stems
from independent microscopic noisy patches and adds in
quadrature at the ion position. Then, for a planar trap
geometry, the electric-field magnitude scales as d−4 with
distance. Further, there is a polarization to the electric-
field noise such that the projection on the normal direc-
tion is twice that for the planar directions [25, 26]. In the
opposite limit of very large spatial correlations, ζ ≫ d,
the fields only vary weakly with distance from the sur-
face. Depending on the specific arrangement of patches
or the form of the spatial correlation function, the noise
may, for instance, be independent of distance or scale as
d−1 and the polarization of normal and planar directions
can be very large. At intermediate distances, the scaling
coefficient varies smoothly from one limit to the other.
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FIG. 6. Heating rate as a function of distance with a fit based
on exponential spatial noise correlations. Fitting both data
sets to Eq. (3) gives a characteristic length ζ = 106 µm.
Measurements of the electric-field noise distance scal-
ing then probe the spatial extent of noise correlations on
the surface. With regard to our data, the measured scal-
ing exponent of β = 2.6 being smaller than β = 4 may be
taken as an indication of macroscopic correlation lengths,
as compared to the ion-surface distance. To further un-
derstand the role of the correlation length ζ in describing
our data, we will review a general framework for model-
ing correlated patch-potentials and also give an example
for a specific physical realization of patch potentials in
our surface trap.
A. Analytic Model
Starting from the characteristic length, ζ, over which
the noisy potential patches are correlated, we can ex-
plicitly calculate the electric-field noise spectral density
vector following Refs. [25, 27, 28]. We assume an expo-
nential spatial autocorrelation function,
Cζ = e
−
√
x2+y2/ζ , (2)
which arises naturally from random variations of a vari-
able in two or three dimensions, for instance in Poisson-
Voronoi tessellations [29, 30]. Then, the expected planar
noise spectral density SpE is given by
SpE(ωt, d) = 2
Nζ2
d
SV (ωt)
∫
∞
0
dk
k3e−2k
(d2 + ζ2k2)3/2
, (3)
and the spectral density of noise in the normal direction
is higher by a factor of two.
With this analytic model, we find that for ζ ≪ d, we re-
cover d−4 scaling for both the planar and normal heating
rates, as expected from similar microscopic noise models.
As the ratio between d and ζ inverts, there is a smooth
transition in the exponent of the power law towards the
limiting case of ζ ≫ d, where the distance scaling ap-
proaches a d−1 behavior.
We use Eq. (3) to simultaneously fit both the mea-
sured planar and normal distance scalings (see Fig. 6),
and extract a correlation length of ζ = 106 µm. This
provides a good fit to the data, that is comparable to the
power-law fit with β = 2.6 from Fig. 2.
While we can describes our data with a single parame-
ter, the correlation length, the same autocorrelation func-
tion can arise from many distinct patch configurations.
The curves in Fig. 6 effectively show the distance scal-
ing for an average over all patch configurations with the
same correlation length. Reproducing this exact scal-
ing with well-defined patches at the trap surface would
require either a superposition of overlapping patches or
fast switching of patch configurations.
Neither scenario is likely to manifest on a simple metal-
lic surface, but the trap used here has a considerably
more complex structure. The combination of features like
an oxide layer [31] on the aluminium-copper electrodes,
adsorbates on the surface, and the influence of surface
roughness [32], may allow for more complex arrange-
ments of charges and fluctuating dipoles. The presence
of an insulating layer (the oxide), for example, could sep-
arate patch potentials both above and below it, creating
a structure of overlapping patches. One might also imag-
ine dynamic patches that shift, rearrange or reassemble
on timescales much faster than the experiment (of or-
der one second) [33]. Measuring the surface potentials
of this trap directly with a technique like Kelvin probe
or scanning tunneling microscopy may provide additional
insight on the noise origin.
The general correlation length model used here also
assumes an infinite planar metallic surface, which does
not quite translate to our surface trap that is com-
posed of many planar electrodes separated by 20-µmwide
trenches. Such gaps between conducting surfaces should
act as natural boundaries over which noise correlations
cannot be established.
B. Fixed Patch Potentials
For a more concrete realization of a noise correlation
length, we consider non-overlapping patches of fixed size
and position while imposing the constraint that correla-
tions cannot form across electrode boundaries. We gen-
erate many random patch configurations based on two-
dimensional Poisson-Voronoi diagrams. An example con-
figuration with ζ = 140 µm is shown in Fig. 7(a) where
the correlation length, ζ, is extracted from an exponen-
tial fit to the calculated spatial autocorrelation function.
Each patch is assumed to generate noise independently
of other patches and the noise amplitude on each patch
is a parameter for fitting the patch potential distance
7H
e
a

n
g
 r
a
te
 (
q
u
a
n
ta
/s
)
Ion-surface distance (µm)
100 200 30050
102
103
Normal
Planar Y
Planar X
(a) (b)
FIG. 7. (a) Example of randomly generated patch configuration based on Poisson-Voronoi tesselation with correlation length
ζ = 140 µm. (b) Distance scaling data fit with patch configuration in (a) and variable voltage amplitude on the patches. The
ratio between the largest and smallest voltage is four. Note the noise anisotropy in the planar directions.
scaling to our data. The fit result for the example patch
configuration in Fig. 7(a) is shown in Fig. 7(b). A con-
sequence of moving from the analytic correlation length
model (previous subsection, Fig. 6) to a defined tiling of
patches is a general anisotropy of noise in different planar
directions, as exemplified by the noise spectral densities
‘Planar X’ and ‘Planar Y’ in Fig. 7(b). Here the sim-
ulated distance scaling matches the data well, but since
we only compare to noise in the y-direction and normal
to the surface, this is not a unique solution for the patch
arrangement. Many patch configurations with similar
average patch sizes reproduce fit results similar to the
example given in Fig. 7. Among these well fitting con-
figurations, we find that the center electrode, DC9, must
contain at least two patches, else the distance scaling be-
haves similarly to technical noise case shown in Fig. 4(b).
Comparing the fixed patch configuration to the gen-
eral correlation length picture, we observe that the con-
straints posed by the electrode geometry lead to slightly
longer correlation lengths, but still ζ is about 100 µm.
The key difference, as explained earlier, lies in the ex-
pected polarization of electric-field noise. The general
model in Sec. VA is an effective averaging over many
random configurations, without preferential patch orien-
tations. Thus, the electric-field noise is isotropic in all
planar directions. In contrast, the fixed patch configura-
tion generally features different electric-field noise in the
planar directions.
We measured the planar electric-field noise in both
the y and x + y-directions at an ion-surface distance of
170 µm and found them to be the same within the ex-
perimental uncertainty, ruling out some patch configu-
rations that otherwise fit the observed distance scaling
in the y-direction alone. Further work on measuring the
electric-field noise in three dimensions would be needed
in order to achieve a better understanding of the nature
of noise correlations in this trap.
VI. SUMMARY AND CONCLUSION
A. Comparison of Heating Rates
Finally we look at the magnitude of electric-field noise
in our trap compared to other measurements in the com-
munity. Data collected in the review of Brownnutt et al.
[3] form the basis for the comparison, see Fig. 8, where
we also included the recent data from Ref. [13] and Ref.
[14] (highlighted as colored crosses), and removed results
for surface-treated traps. Following the convention in
Ref. [3], the heating rates are scaled on one axis to relate
to the case of 2pi × 1 MHz secular frequency for a 40Ca+
ion, and the other axis shows the electric field spectral
noise density.
In comparison to all data on the plot, our heating rates
are on the low end across the measured ion-surface dis-
tances. Looking specifically at the measurements for dis-
tance scalings performed in the same trap, our results
are about a factor 5-20 lower than the ones reported by
Boldin et al. [13], and of similar magnitude to measure-
ments of Sedlacek et al. [14].
The similarities in the absolute noise magnitudes be-
tween the traps is also interesting, since one would gener-
ally expect that, given some density of microscopic noise
sources, longer correlation lengths should increase the
noise magnitude in our device.
Regardless of the physical origin of noise in the differ-
ent traps, it is worth noting that with regards to device
miniaturization, the distance scaling we observe (d−2.6)
scales favourably compared to the d−4-dependence ob-
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FIG. 8. Comparison of the heating rates in this paper with
those of other ion traps. The filled gray circles reproduce
the data compiled in Ref. [3] for single-ion motional heat-
ing, with the exception of surface-treated traps. Blue (dark)
and yellow (light) crosses show the results of distance scaling
measurements in the same trap from Ref. [13] and Ref. [14],
respectively.
served in other traps. This observation provides us with
some motivation to understand the origin of noise in this
device and work towards further miniaturization of ion
traps.
B. Concluding remarks and summary
To summarize, we have presented measurements of the
distance scaling of electric-field noise in a surface ion
trap, together with measurements of the frequency de-
pendence. In contrast to previous results, the noise dis-
tance scaling for our trap is described by a d−2.6 power-
law behaviour. The data cannot be explained by noise
from independent microscopic sources at the surface; we
require the addition of a macroscopic length scale for the
noise that extends to about 100 µm. The presence of a
macroscopic length scale indicates a non-trivial surface
structure and/or correlated dynamics of noise sources
taking place at the trap electrode. Our results add to
the growing body of experimental results on electric-field
noise in ion traps, and specifically show that the scal-
ing of electric-field noise with distance is not universal in
surface traps of similar size.
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